Background Left ventricular assist devices (LVADs) are an increasingly prevalent form of mechanical support for patients with end-stage heart failure. These devices can be implanted both as a bridge to transplant and as definitive/ destination therapy. Gastrointestinal (GI) bleeding is one of the most common and recalcitrant long-term complications following LVAD implantation, with an incidence approaching 30 %. Aims This review will discuss what is known about the pathophysiology of GI bleeding in LVADs and the currently available options for medical and/or endoscopic management. Results The pathophysiology of bleeding is multifactorial, with hemodynamic alterations, acquired von Willebrand factor deficiency, and coagulopathy being most often implicated. The majority of bleeding events in this population result from angioectasias and gastroduodenal erosive disease. While these bleeding events are significant and often require transfusion therapy, they are rarely life threatening. Endoscopy remains the standard of care with upper endoscopy offering the highest diagnostic yield in these patients. However, the effectiveness of endoscopic hemostasis in this population is not well established. A small number of studies have evaluated medical therapy and alterations in LVAD settings as a means of preventing or treating bleeding with variable results. Conclusions In summary, GI bleeding with LVADs is a common occurrence and will continue to be as more LVADs are being performed for destination therapy.
Background
Heart failure affects over 5 million Americans, with numbers expected to rise significantly by 2030 [1] . While heart transplantation is the most effective long-term strategy, demand for organs supersedes availability. This gap has been increasingly filled by implantation of left ventricular assist devices (LVAD), both as a bridge to transplant and as ''destination'' therapy.
First generation LVADs were based on a pulsatile flow of blood through the device, mimicking the cardiac cycles of systole and diastole. However, these devices had high rates of postoperative complications and poor durability. The next generation of devices, continuous flow LVADs (CF-LVADs), utilized a central rotor to deliver a nonpulsatile flow of blood from the left ventricle to the aorta [2] . While both pulsatile and CF-LVADs have led to improved quality of life and functional capacity, CFLVADs have demonstrated superior survival rates and decreased adverse events [3] . Therefore, CF-LVADs have become the dominant treatment of advanced heart failure.
With the rapid increase in clinical use of LVADs over the last decade, it has become clear that patients experience unusually high rates of gastrointestinal (GI) bleeding following implantation [4] .
Methods
A literature search of PubMed was performed using the following keywords and/or combination of keywords: [LVAD] 
Results

Incidence of Gastrointestinal Bleeding Following LVAD Implantation
The incidence of GI bleeding has been quantified to be 6.8 events/100 patient years or 10 % in pulsatile LVADS [5, 6] . CF-LVADS, however, demonstrate an increased incidence of GI bleeding, estimated at 63 events/100 patient years or 20-30 % [5] [6] [7] , with recurrent bleeding at 30-40 % [4, 8, 9] . However, the incidence of bleeding has been reported to be as high as 61 % [10] with recurrent bleeding as high as 72 % [11] .
Risk Factors for Gastrointestinal Bleeding Following LVAD Implantation
Many studies have sought to evaluate the clinical and/or demographic characteristics associated with GI bleeding. The only demographic risk factor consistently reported is increased patient age [4, 7, [12] [13] [14] . Clinical factors have included preoperative aspirin/anticoagulation use [12, 14] , a history of GI bleeding prior to VAD implantation [8, 15] , platelet count [8] , an elevated creatinine, right ventricular dysfunction, post-LVAD EF [ 30 %, and a lower pulsatility index [7, 9] ; however, these associations have not been seen uniformly in the literature. Additionally, higher rates of bleeding have been reported when LVADs are placed as destination therapy rather than bridge to transplant, likely a reflection of a higher burden of co-morbidities in the destination therapy population [14] .
Pathophysiology
Early reports ascribed the high rates of GI bleeding to the intensive anticoagulation utilized following LVAD placement. However, the rates of GI bleeding following LVAD placement exceed the rates of GI bleeding seen in patients who are similarly anti-coagulated for other cardiac conditions, implying separate mechanisms or risk factors involved [4] .
A leading hypothesis for LVAD-related GI bleeding centers on alterations in hemodynamics which occur during mechanical support, particularly given the high rates of bleeding seen in patients supported by CF-LVADs versus pulsatile LVADs [5] [6] [7] . The physiologic pulsatility associated with the normal cardiac contraction cycle is lost in CF-LVADs, leading to a narrowed arterial pulse pressure with decreased aortic valve opening [16] . This clinical scenario closely mimics what is seen in aortic stenosis, which is associated with Heyde's syndrome [17] . Heyde's syndrome is the described association between bleeding GI angiodysplasias and aortic stenosis. Patients with aortic stenosis have cessation of GI bleeding following aortic valve replacement [18] . Investigators have also observed that patients who have LVADs have cessation of GI bleeding after cardiac transplantation [12, 13, 15, 16] .
It has been proposed that decreased pulsatility leads to increased bleeding risk via an acquired von Willebrand disease (vWD). Warkentin et al. [19] raised the possibility of a link between acquired vWD and aortic stenosis in 1992. Abnormalities including the loss of high molecular weight multimers, decreased von Willebrand factor (vWF) collagen-binding activity, and platelet function abnormalities were subsequently described in aortic stenosis patients [20] . These findings laid the groundwork for further exploring the link between acquired vWD and VADs. Loss of high molecular weight multimers and reduced vWF functional activity were found in patients with VADs when compared to patients who received a heart transplant [21] . These findings were confirmed in a study by Uriel et al. [22] which demonstrated that patients with LVADs had absent or decreased high molecular weight vWF multimers with normalization of multimers after heart transplantation. Finally, reduction in high molecular weight vWF multimers was demonstrated in a patient transitioning from a pulsatile LVAD to a CF-LVAD [23] .
The mechanism of loss of high molecular weight vWF multimers is speculated to be from shear forces created by the LVAD causing resultant proteolysis of the multimer. In vitro studies of vWF with tensile forces applied at the A2 site of the multimer have shown selective unfolding with exposure of this domain, facilitating its cleavage [24] . These results offer a possible molecular mechanism for the development of acquired vWD in patients with LVADs. While acquired vWF deficiency has not been proven to be singularly responsible for GI bleeding [25] , it may contribute to an increased propensity to bleed.
Finally, impaired platelet aggregation has been suggested as a contributing mechanism in the association of LVADs with GI bleeding. In one recent report, seven of eleven LVAD patients tested had impaired ability of both plasma and platelet factors to mediate ristocetin-induced platelet aggregation. Platelet aggregation was also found to have normalized after heart transplantation [26] .
Continuous flow devices cause lowered pulse pressure with relative hypoperfusion of the gut, a systemic decrease in high molecular weight vWF multimers, and impaired platelet aggregation. These factors likely lead to development of angiodysplasias and an increased risk of bleeding from these angiodysplasias [27] .
Clinical Presentation
The reported time to the first bleeding event ranges from 87 to 159 days following LVAD implantation [12, 14] . The majority of patients present from an outpatient setting; fewer than 15 % of patients are hemodynamically unstable at time of presentation [14] . The majority of bleeding events resolve within 4 days, and patients require an average of three to four units of packed red blood cells (PRBCs) per bleeding event [10, 12, 14, 15] . Overt, upper GI bleeding is the most frequent presentation with 50 % of patients reporting passage of melenic stools [4, 10, 14] .
Multiple studies have evaluated the location and etiology of bleeding in this patient population. The upper GI tract is more often identified as the source of bleeding (40-50 %), followed by the colon in 22 % of patients, small bowel in 15 %, and obscure source of bleeding in 19 % [7, 11] . The available evidence suggests that the middle GI tract is where a majority of obscure bleeding events originate. The most frequent endoscopic findings are angiodysplasias and peptic disease [4, 7, 9-11, 13, 14] .
Endoscopic Evaluation and Management
Endoscopy is the mainstay of the initial evaluation and treatment of LVAD-related GI bleeding. The diagnostic yield of conventional endoscopic workup in these patients is approximately 60-80 % [14, 28, 29] with upper endoscopy offering the highest yield [10, 14] (Table 1) .
The data on device-assisted enteroscopy (DAE) which includes single-balloon, double-balloon, and spiral enteroscopy are more limited. Edwards et al. recently reported an initial experience with the use of early antegrade doubleballoon enteroscopy in patients with LVADs who had a negative conventional endoscopic workup or positive capsule findings. Thirteen procedures were performed, which were predominantly anterograde in approach. The bleeding source was identified in 9 of 13 procedures achieving a diagnostic yield of 69 % [30] . Timing of device-assisted enteroscopy (DAE), specifically deepovertube-assisted enteroscopy, has also been retrospectively evaluated. Patients with LVAD-related GI bleeding were subgrouped into (1) traditional endoscopic workup (2) late DAE, after traditional workup, or (3) early DAE, within 24 h. Comparative analysis revealed that early DAE was associated with decreased transfusion requirements, decreased number of days to treatment, and decreased number of diagnostic tests performed [11] . These results support early small bowel evaluation to maximize diagnostic and therapeutic yield.
The ACG and the ASGE have published recommendations supporting capsule endoscopy prior to DAE for initial evaluation of suspected small bowel bleeding/obscure GI bleeding. Capsule endoscopy before DAE allows for targeted therapy providing endoscopists with an estimated location of bleeding, optimal route, and improved diagnostic yield [31, 32] . The diagnostic yield of capsule endoscopy has been noted to be as low as 20 % [14] and as high as 100 % in the LVAD population [33] . When capsule endoscopy is abnormal, the most frequent finding is blood in the lumen of the GI tract. However, the culprit lesion is directly visualized \25 % of the time [33] . This suggests capsule endoscopy can help localize the site of bleeding with VCE but may not visualize the principal bleeding angiodysplasia.
When lesions with high-risk bleeding stigmata are identified, endoscopic maneuvers are successful in initial hemostasis in 80-90 % of patients; however, re-bleeding despite endoscopic therapy is not uncommon and occurs in up to 50 % [28, 29] . There have been no clear studies performed to evaluate for superiority of one endoscopic Tagged RBC scan 50-60 Kushnir et al. [14] and Elmunzer et al. [28] Angiography 0 Kushnir et al. [14] and Elmunzer et al. [28] treatment option over another. Most reports describe use of argon plasma coagulation (APC), contact coagulation, epinephrine, and hemoclips in this population, with choice of modality driven by the etiology of bleeding. Capsule endoscopy can be safely pursued in patients with LVADs, ICDs, and/or pacemakers [34, 35] . It is important to note, however, that there has been some evidence of brief interference with capsule image acquisition when the capsule device is in the upper abdomen, which is postulated to be secondary to being in close proximity to the LVAD [35] . Several studies have evaluated the safety of flexible endoscopy during LVAD support [30, 34] . Both moderate and deep sedation have been shown to be relatively safe with limited iatrogenic complications [14, [36] [37] [38] .
Medical Management
The universal strategies for managing GI bleeds apply in all populations, including those with LVADs. These interventions include large bore IV access, PRBC transfusion for significant anemia, acid suppression for melena, and hemodynamic support if instability is present. Hemodynamic monitoring and fluid management can be challenging in the LVAD population, requiring close collaboration across disciplines.
Given that the LVAD population has a unique pathophysiology contributing to recurrent GI bleeding as well as the concurrent need for long-term anticoagulation, medical strategies specific to the LVAD population are needed. One strategy which has been investigated is to increase the pulsatility of the device, thus the aortic valve opening, by reducing the speed. The role of low pulsatility in the risk of non-surgical bleeding was demonstrated by Wever-Pinzon et al. [39] . However, this strategy has not been widely adopted among VAD centers given its predominantly anecdotal evidence. With lowering the flow of the device, there is an increased concern for thromboembolic events, particularly when patients also require cessation of anticoagulation.
The management of anticoagulation in LVAD patients continues to evolve with increased understanding of the long-term risk of bleeding as well as device-related thromboembolic events. A multicenter evaluation of reduced anticoagulation strategies (TRACE) demonstrated risk of device thrombosis and ischemic stroke in those on reduced anticoagulation regimens following a bleeding event. Notably, there were still 71 major bleeding events despite the reduced anticoagulation [40] . It has been shown that thromboembolic events are seven times as likely in patients with GI bleeding events [41] . However, a retrospective review by Kamdar et al. [42] evaluated 14 patients with GI bleeding and cessation of anticoagulation and found that one patient had a pump thrombosis necessitating device exchange over a mean duration of 392 days off warfarin. Moreover, the intensity of anticoagulation has not consistently been linked to risk of GI bleeding in the LVAD population. The complexity of medical decision making in this area, in which there is a lack of clear cut evidence, highlights the importance of a multidisciplinary approach to managing GI bleeds in this patient population.
Strategies utilized for LVAD-related bleeding have been derived from the medical management of angiodysplasias (Table 2) . Octreotide, a somatostatin analogue involved in decreased acid secretion/splanchnic flow, inhibition of angiogenesis, and platelet aggregation, has been shown to stabilize GI bleeding in patients with LVADs in multiple case reports [43, [44] [45] [46] . However, in larger case series, octreotide did not appear to significantly impact the rate of recurrent GI bleeding or decrease the need for transfusion [8, 47] . In the acute setting, Hayes et al. [48] used a combination of reduction in pump flow, adrenaline infusions, and octreotide with success in five patients with GI bleeding. Adverse events during octreotide administration have been limited to diarrhea and abdominal cramps.
Thalidomide has also been evaluated in several small studies, given its known anti-angiogenic properties and reports of efficacy in treating angiodysplasia-related GI bleeding in other populations [49] [50] [51] [52] . In 2014, Ray et al. documented a case report of a patient with a CF-LVAD who developed recurrent bleeding from upper and lower GI tract angiodysplasias despite APC therapy. The patient was started on thalidomide 50 mg twice daily given his need for anticoagulation in the setting of recurrent bleeding. No bleeding was noted at 1 year [53] . The same group subsequently published an algorithm for prescribing thalidomide in patients with LVADs and recurrent bleeding. Implementation of this algorithm at their institution was associated with reduced bleeding events. There were, however, notable adverse effects including symptomatic neuropathy. Two patients also died of sepsis in this small cohort [54] .
Thalidomide has strict regulations regarding its prescription and dispensal. Currently, physicians using thalidomide must belong to the THALOMID Risk Evaluation and Mitigation Strategy (REMS) Program in order to prescribe the medication. There is also an established risk of thrombosis with the use of thalidomide raising a question of its safety in patients with implanted mechanical devices. Overall, there are very little data regarding the use of thalidomide in this population, and thus there are no clear guidelines on use of this medication in the LVAD population.
A recent study documented the use of Wilfactin, vWF concentrate devoid of factor VIII, in a CF-LVAD patient with severe GI bleeding. This led to stabilization of hemoglobin and cessation of bleeding without thromboembolic complications. The patient was notably also started on octreotide for anemia secondary to angiodysplasias which were diagnosed later in the hospital course [55] . While most patients with LVADs have non-life threatening bleeding which does not require coagulopathy reversal agents, this case report offers a possible area for further research in situations where more severe bleeding is encountered necessitating coagulopathy reversal and when thromboembolic risk needs to be reduced.
Finally, there has been one published case report on the use of danazol in an LVAD patient with refractory GI bleeding. Danazol is an androgen that has been demonstrated to have possible benefit in the management of refractory bleeding from intestinal angiodysplasias [56] . This patient had clear evidence of angiodysplasias endoscopically with recurrence despite hemostatic measures. Danazol was started at a dose of 200 mg twice daily. Therapy was ultimately limited by rising creatinine. However, it is notable that for 9 months, the patient had no major bleeding episodes [57] . Important side effects include drug-induced liver toxicity and thromboembolic events.
Impact on Patient Outcomes
Bleeding events can be a significant cause of morbidity, as evidenced by being a leading cause of readmission [58] with patients averaging three to four units of PRBCs per bleeding event [10, 12, 14, 15] . The high consumption of blood products for recurrent bleeders can be associated with a risk of allosensitization, which is important in patients who are transplant candidates. Patients may also require cessation of anticoagulation increasing the risk of thromboembolic events [41] . While morbidity is significant, mortality is not. Survival analysis, compared between patients with and without GI bleeding, did not show a statistically significant difference [15] .
Approach to Management
Based on our review of the literature, we propose a diagnostic algorithm for LVAD-related GI bleeding (Fig. 1) . The first assessment should be for stability, with resuscitation efforts in the unstable patient. For those who are too unstable for endoscopy, angiography and embolization are alternative diagnostic and therapeutic choices. Based on available data, we feel that push enteroscopy should be the initial endoscopic procedure utilized, given the high likelihood of upper GI tract angiodysplasias. If push enteroscopy is unrevealing, the conventional endoscopic workup should be completed. VCE should then be considered in order to localize the source of bleeding, risk stratify the patient, and guide further endoscopic interventions. Additional diagnostic evaluations such as deep enteroscopy and tagged RBC scans should be utilized based on clinical picture and pretest probability. In those patients with recurrent GI bleeding from demonstrated angiodysplasias, a trial of octreotide can be considered, given its favorable side effect profile. Finally, in a highly selected cohort of patients with chronic, occult GI bleeding, outpatient management could be considered. Outpatient treatment failure occurred 13.3 % of the time in a study by Raymer et al. [59] . However, this has only been studied retrospectively and has only been presented in abstract form. Therefore, further prospective studies should be performed.
Significance
As the field of cardiology advances forward with artificial assist devices for end-stage heart failure, the short-and long-term impact on other organ systems will become more evident. LVADs have clear GI effects likely related to the mechanics of the device itself as well as its resultant physiology, which impact the gut vasculature as well as the hematologic system. It is important to understand the mechanism and clinical pattern of GI bleeding in these patients as it is prevalent, often requires endoscopic management, and requires coordinated care with expert cardiologists.
Key Messages
• LVADs are associated with GI bleeding in approximately 20-30 % of cases with recurrent bleeding in 30-40 %. • Melena is the most often observed manifestation of bleeding, with angiodysplasia and gastroduodenal erosive disease being the predominant etiologies.
• Bleeding is likely multifactorial and related to lowered pulse pressure with relative hypoperfusion of the gut, a systemic decrease in high molecular weight von Willebrand factor multimers, and impaired platelet aggregation.
• Conventional and wireless capsule endoscopy is safe in patients with LVADs. Upper endoscopy offers the highest diagnostic yield. Early VCE can help localize the source of bleeding, risk stratify the patient, and guide further endoscopic interventions.
• Octreotide is an option for advanced medical management but has not yet been proven to be clinically impactful in a large cohort of patients. Thalidomide has not yet been studied extensively enough to make conclusions.
• LVADs and GI bleeding are clinically significant events and will become a common clinical scenario in academic and community practice as more LVADs are being implanted.
